Eighteen years after the first detailed work appeared on the electrical activityofthe brain (Berger, 1929) we have still no adequate understanding of its mechanism. There have been many hypotheses, and to review all the supportive data for each would be too space-consuming, but since they are described in the journals a reference list may suffice. For example, there is the evidence, based on the observed behaviour of the EEG with rising body temperature and with metabolic stimulants and depressants (Hoagland, 1936) , for the dependence of the electrical rhythmicity on continuous steady-state chemical events within the cortical cells. This hypothesis attempts only an explanation of the resting rhythm, and Hoagland (1944) states that the findings should not be interpreted as meaning that the only modifiers of brain wave frequencies are necessarily changes in cell respiration. There is the hypothesis of Gerard (1941) that the EEG is a rhythmic variation of a somatic potential, demonstrated as a steady DC potential difference between the pia, where the axones end, and the area near the ventricle where cells lie (in the frog's brain). Gibbs and others (1940) suggested that the electrical activity of the cortex is a manifestation of the activity of a great number of chemical oscillators having i,different natural periods.
The hypothesis that interplay between the"deeper centres and the cortex is responsible for the alpha rhythm grows out ofthe work ofBishop (1933, 1936) , of Lorente de No (1934 , 1935 , and of Dusser de Barenne and McCulloch (1938) . It was suggested that the cortical cells are in continuous interactivity * Communication to the First International EEG Meeting, London, July 1947. t Aided in part by grants from the United States Navy Department, Office of Naval-Research, N5 Projects 8 and 14. with the thalamic cells; that each thalamic neurone projects to many cortical cells, and thus, by recurrent paths through their axones, interacts with great numbers of cells in the thalamus; and that the alpha rhythm may be determined by the delay in these reverberating circuits, or in other words, by the number of synapses involved. However, evidence has been produced by Morison and Dempsey (Morison and Dempsey, 1942; Dempsey and Morison, 1942 ) that the alpha rhythm of the resting cortex is not dependent on impulses travelling along the primary projection fibres from the recognized thalamic nuclei, and this opens the possibility for transmission by separate neuronal pathways of non-specific afferents from undifferentiated thalamic nuclei McCulloch, 1947) . There are data from Fortuyn and Jasper's experiments on cats which show that rhythmic potentials in the entire cortex can be co-ordinated from a very restricted thalamic area of less than 2 mm. in diameter (Jasper and others, 1946; Fortuyn and Jasper, 1947) . It has been suggested ) that this rhythm of 8 to 12 per second activity may result from constant bombardment by subliminal impulses which sum periodically in the cortex rather than a reverberation in a closed circuit.
There is reason to doubt that this mechanism operates for the frequencies faster than the alpha range, since these persist after section of the thalamic radiations Chatfield and Dempsey, 1942) , and therefore presumably represent intrinsic cortical activity.
Later work by Morison threw more doubt on the dependence on reverberation involving corticothalamic connexions, since an 8-12 per second ELECTRICAL ACTIVITY OF THE BRAIN rhythm could be recorded from the thalamus for as long as three days after bilateral decortication (Morison and Bassett, 1945; Morison and others, 1943) .
Most of these hypotheses have assumed as a premiss that the electrical activity in the brain travels only along an axonal or dendritic pathway, but, as Adrian (1947) has emphasized, there is the possibility that neurones may influence one another not only by impulses in neuronal pathways but by electrical field effects. Such a mechanism in the development of continued rhythmic activity has been demonstrated in isolated neurones, in the spinal cord, and in the brain.
From observations on isolated nerve preparations it has been shown that the action potential of an active portion of nerve can influence a resting portion across an imposed block (Hodgkin, 1937; Lorento de No, 1939; Blair and Erlanger, 1939) , and that in certain circumstances activity in one nerve fibre can affect adjacent ones (Hoagland, 1933; Katz and Schmitt, 1940 ). Bremer's (1947) work on spinal cord discharges, in which he found that synchronized beats could be maintained in two adjacent segments although all neuronal connexion between them was severed by complete transection of the cord, supports the concept of a synchronization maintained by electrical spread in the absence of fibre connexions. And in the brain, Libet and Gerard's (1938) finding that after complete transection one half of a frog's brain could influence the beat of the other half, demonstrates a spread of excitation in the absence of any fibre connexion. These same workers (Gerard, 1941 ;  Libet and 1939; Gerard and Libet, 1940) have demonstrated that the cortical rhythms of the frog's brain can persist when all synaptic transmission has been blocked by nicotine. In this context O'Leary's (1944) reminder that we are studying potential records from active tracts embedded in electrolytically conducting material is pertinent.
To these hypotheses must be added that of Eccles (1945) and Brooks and Eccles (1947) , who have suggested that the brain potentials may result from the delicate poise between excitatory and inhibitory action in the network of Golgi cells in the brain, so that any agent tending to depress cortical activity would tip the balance towards inhibition by converting some excitors into inhibitors, whereas raised excitation would have the reverse effect.
The relative significance of these many hypotheses waits only the uncovering of more facts, and it is probable that each will be found to play some part in contributing to the final explanation. It is not suggested that experiments in human physiology are likely to give the final proof for any hypothesis of a mechanism so complex, but, since any such hypothesis needs to cover the observed data of the EEG in man, perhaps human experiment may yield evidence of a supportive nature.
The Present Study In the present paper the results of three types of experiment on the human subject will be examined with such an object in view. The experimental data consist of studies of the effect of anoxia, of hypoglycremia, and of pentothal anesthesia on the wave frequencies in the electro-encephalogram of the human subject. ANOXIA In the course of several years' work on the effect of anoxia (or, to be more exact, of hypoxia) on man we have had plentiful opportunity to confirm the original observations of Berger (1934) , and of many other workers since that time (Bremer and Thomas, 1936; Davis and others, 1938; Lennox and others, 1938) , that oxygen, lack causes the appearance of slow waves in the EEG. Sometimes the change in the EEG trace is visible in the record on inspection by the unaided eye, but the finer developments of this change can better be studied by automatic analysis of the wave complex, since the presence of slower frequencies may sometimes be masked by more prominent waves of higher amplitude. In the present work an electronic analyser of the type designed by Walter has been used.* For a full description of this technique the original publication should be consulted (Baldock and Walter, 1946) .
The type of record obtained is seen in Fig. 1 . For the sake of simplicity only the EEG trace which is being automatically analysed is reproduced here, although recordings were also made from many parts of the head by a Grass inkwriting oscillograph. The tracing illustrated was recorded from two electrodes, one on the occipital region and one on the parietal region of a normal man who had in this area a strong alpha focus which blocked to a visual stimulus. Throughout this report the alpha band will be defined as frequencies of 8 This gradual shift of the alpha activity, with the dominant frequency of the alpha band moving step by step to the slower side, confirms our previous results found by manual analysis, and also those of Engel and others (1944) . It differs in detail from the case analysed by the method of Grass and Gibbs (1938) illustrated by Gibbs and others (1940) , where the dominant peak in the alpha band remained at the same frequency (although dropping in height) as long as consciousness was maintained, while the energy in the frequencies slower than alpha increased markedly.
Of course, taking isolated moments in time such as are shown in Fig. 1 does not tell us very much about the way the slow waves have developed, and it is of interest to know whether they develop, as a gradual deceleration of the normal synchronized beat, such as would be expected were the rate to have a direct relationship with the metabolic activity of cortical cells, or whether they appear as discrete slow frequencies extraneous to the alpha band originating in other, perhaps sub-cortical, cell groups and rising in voltage until they mask persistent alpha.
In Fig. 2 has been plotted the amplitude of the peak (expressed as a percentage of the maximum possible deflection) at each frequency of the analyser's trace as it was found by measurement at approximately one minute intervals throughout the whole experiment in this same subject. When plotted in this way the highest peaks, that is, the frequencies at which there is most activity, are seen to be at 11, 10, and 12 cycles per second in the baseline record, with no significant activity slower than 9 per second. The breathing of 8 5 per cent. oxygen begins at the first vertical line and continues for nearly thirty minutes to the next vertical line. As this period of anoxia progresses there is a slow fall in the 12, 11, and 10 peaks, with an initial increase in 9 cycles per second which later falls as 8 cycles per second activity increases and the peaks in the slower frequency band become more prominent. The heavy dots indicate the highest peak at each minute step, that is, the dominant frequency at that time, and if we follow this through the whole period we see it decelerate gradually from 11 cycles per second through 10 and 9 to 8, and finally to 7 and 6 cycles per second. All activity slower than 9 cycles per second disappears with the first few breaths of air.
In Fig. 3 an experiment on another normal subject in the anoxia chamber has been plotted in a similar manner. The highest peaks during the baseline period in air in this case are 11, 12, and 10 with lesser peaks at 9 and 8, and minimal activity below 8 cycles per second. The breathing of 8 5 per cent. oxygen begins at the first vertical line, and in this case continues for only fifteen minutes. As this period of anoxia progresses there is a slow fall in the 12, 11, 10, and 9 cycle peaks, little change at 8 cycles, and a marked rise in the frequencies slower than 8. The dominant frequency at each minute step (again indicated by the heavy dots) falls from 12 through the intermediate frequencies to 6 and 5 cycles per second. There was no significant activity slower than 3 cycles at any time in this record. In the last minute of anoxia there is little evidence of persistent alpha, but it returns with spectacular rapidity with the first few breaths of air, and there is a simultaneous disappearance of the slow activity.
Looked at in this way the data are suggestive of a slow deceleration of the synchronized beat of the cell group under observation rather than an eruption of slow waves among persistent alpha activity, but there are some assumptions here the validity of which need to be established by experiment. One is that the change in the relative heights of the peaks represents a change in activity. This arises from our ignorance as to whether a decrease in the prominence of the alpha band in an original EEG tracing represents a decrease in electrical I120 The EEG findings in this case are shown in Fig. 4 . Here the more exact localization of an alpha focus was made by interchannel analysis as described above. In this experiment the recording paper was being run at half speed to save paper. Again for the sake of clarity only the original tracings of which the interchannel analysis is being made are reproduced here, although simultaneous recordings were also made from other parts of the head. As would be expected at this blood sugar level and with such a mild degree of oxygen lack, there was little change in the EEG except for some occasional 5 and 6 per second activity. At the twelfth minute there was a transient increase in the height of some of the alpha peaks and the appearance of some 4 to 7 cycle activity; at this time the subject began to show marked pallor and profuse sweating, and his pulse became weak and slow. He complained of nausea, and shortly afterwards (thirteen and a half minutes after he began to breathe the mixture low in oxygen) delta waves appeared in the record and he fainted. He recovered within one minute and the EEG promptly returned to normal.
Thus, in this record, steady activity of alpha frequency is suddenly broken by the-eruption of slow waves as the subject faints. This effect is seen more clearly in Fig. 5 , where the height of the peaks is charted by the method used in Fig. 2 . In this case the delta waves appear to replace the alpha during the short period of unconsciousness. This change in the EEG on fainting closely resembles that described by Romano and Engel (1945) in vasodepressor syncope. HYPOGLYCAEMIA Similar methods have been applied to the study of data on subjects whose blood sugar level has been artificially lowered by insulin, since hypoglycaemia is known to affect the EEG (Berger, 1937; Hoagland and others, 1937; Lennox and others, 1938; Gibbs and others, 1940; Brazier and Finesinger, 1944; Heppenstall, 1944; Engel and others, 1944) . From a large series of subjects so treated, Fig. 6 is representative of the effect found.
In this case the electrode placements and connexions were those indicated in the illustration, with localization of an alpha focus made by interchannel analysis; the insulin dosage was 25 units.
In the case shown in Fig. 6 the occipital electrode common to the second and third channels was placed in such a position that the recorded alpha activity was out of phase between them. In this illustration the EEG is seen at three levels of blood sugar-98, 60, and 52 mg.
per 100 c.cm. The shift of activity from frequencies centering round 11 cycles per second to 7 cycles is clearly seen. At the time of the second EEG sample shown here, 43 minutes after the intravenous injection of insulin, there was no sweating, no subjective sensation, and the heart rate was 88. Sixty-three minutes after the injection the heart rat had dropped to 64 and the subject was We have found this delay in recovery of the alpha band in all our cases with mild hypoglycaemia induced by insulin: it is in sharp contrast to the behaviour of delta waves accompanying insulin coma, which disappear promptly on injection of glucose. The frequency shift in the alpha band does not bear a direct relationship to the sugar level of the circulating blood, and persists long after the autonomic disturbances have ceased. This delay in return of normal cortical activity after intravenous administration of sugar is similar to that found in dogs with insulin hypoglycaemia (Hoagland and others, 1939) . It is interesting to note that the individual whose EEG is shown in Fig. 6 had fast activity in the 20 to 30 cycles per second band and that, in contrast to the alpha band, this did not slow as the blood sugar level fell.
In contrast to the effect of mild anoxia where the slowing of the EEG is accompanied by an increase in heart rate, in the insulin effect there is a slowing Figs. 2, 3, and 5, with more minute-to-minute variation, the general trend shows through quite clearly.
At the beginning most of the activity was at 11, 12, and 13 cycles per second. As the insulin began to take effect 9 and 10 cycles per second activity increased, until finally almost all these frequencies were replaced by 6, 7, and 8 cycle waves. At about seventy minutes after the injection the effect of the insulin spontaneously began to wear off, and at eighty minutes the recovery was accelerated by the intravenous injection of glucose. The mode of development of the slow activity resulting from mild anoxia and from mild hypoglycrmia is so similar that it suggests a similar underlying mechanism, one in which a cell-group entity is responsible for the effects seen. Opening the eyes has the same effect on the slow activity in hypoglycemia as in anoxia, for the activity centering around 7 cycles per second at the low blood sugar level is blocked by opening the eyes, just as is the original alpha band before the insulin takes effect. The mode ofappearance of slow waves in the record of the subject who fainted is, however, strikingly different. Here, with loss of consciousness, there is a momentary loss of all alpha frequencies and replacement by delta waves. In the case illustrated in Figs. 4 One example of these changes is seen in Fig. 8 . In this illustration EEG recordings are shown from three parts of the head, as indicated in the legend accompanying the figure, and the simultaneous analysis of the strong alpha focus in the third chiannel is superimposed. During the first stage of anesthesia, while this subject was euphoric, activity was mostly in the fast frequencies from 20 to 27 cycles per second. When he became unconscious, bands of slow waves centering around 2 5 and 6 cycles per second dominated the record.
In this individual the alpha frequencies have been almost extinguished, but it is common to find these persisting even in the second plane of the third stage of aneesthesia. An example is shown in Fig. 9 . In this illustration, for clarity only the EEG tracing which is being analysed is reproduced. It is from an alpha focus in the parieto-occipital region. The disappearance of the fast waves when the delta and slow frequencies come in is again seen and the persistence of alpha frequencies is marked.
To illustrate more clearly the sequence of changes in EEG frequencies which accompany shifting levels of consciousness in pentothal antesthesia a different method of charting has been used. This is seen in the analysis of an alpha focus in another EEG given in Fig. 10 . The chart reads from top to bottom, and the width of the white band indicates the spread of frequencies found in the EEG by automatic analysis, plotted every half-minute throughout the whole experiment. The black spots There are certain quite striking data to be seen in this chart.
The development of the fast frequencies in the EEG begins during the first stage, when the cortex is still functioning and when the subject is still conscious. These abnormal fast frequencies are not found when the subject is truly alert, but, as noted above, are evident only when there is some degree of clouding or euphoria. Up to this point all activity in the EEG is in the alpha range.
The coincidence of loss of consciousness and the first appearance of slow waves is dramatic, and the fast activity is gone at the same moment.
It will be noted that at no time are alpha frequencies T'he distribution of frequencies on lost of consciousness from pentothal is different from, that found in our record of the subject who fainted, and whose record has been described above.
When the EEG frequencies of his record are plotted by the method used in Fig. 10 , the distribution is found to be almost entirely within the alpha band until shortly before he faints. Some 4 to 7 cycles per second then appear in the record, and as he faints the alpha disappears for the first time and delta parietal-occipital waves replace it (Fig. 11) . The faint lasts less than a minute; on recovery alpha frequencies return and the delta disappears, but a slow band of activity between 4 and 7 cycles per second persists. EEG recording could not be continued for more than a minute following recovery, because of the desirability of moving the subject. At no time was there any EEG activity at frequencies faster than 13 cycles per second. Discussion The striking similarity between the effect on EEG frequencies of inadequate supplies of oxygen and of sugar is understandable on a basis relating these potentials to brain respiration rates, since these two substances play the major roles in cerebral metabolism. That lack of either produces the same effect is in keeping with several known facts, such as that cerebral oxygen uptake is decreased at low levels of blood sugar and increased on administration of sugar (Himwich and others, 1939) , and that the action of hypoglycemia on the EEG can be offset by the inhalation of pure oxygen (Gelihorn and Kessler, 1942) .
The data reported here on oxygen lack and on hypoglycxemia at levels where consciousness is retained show a progressive slowing of the alpha rhythm suggestive of a deceleration of the synchronized beat of a uniform neurone population. This view is further suppor-ted by the observation that opening the eyes blocks the observed activity in the EEG even when this has slowed to frequencies outside the alpha band. Such observations would be covered by the hypothesis that there is a correlation between the rate of metabolism in the intrinsic cells of the cortex and the relative alpha frequency. Sugar and Gerard (1938) , who, in a comparative study of various regions of the brain (in cats), established that the cortex was more vulnerable to anoxia than the thalamus, and that this paralleled the oxygen requirements determined directly by Dixon and Meyer (1936) . Interpreted in terms of reverberation in thalamocortical circuits one would need to consider not only the thalamic and cortical cell bodies, but the axones and synapses in the neurone chains. Synaptic conduction has proved to be very resistant to anoxia, at least as much so as fibre conduction (Bronk and others, 1938) . From studies of fibre conduction in peripheral nerve it is known that the spike potential which is associated with the passage of the nerve impulse is extremely stable to changes in metabolic environment; it is the afterpotentials which are affected by anoxia, and, as Erlanger and Gasser (1937) Turning back to the data reported here, one finding wouJd be at variance with this line ofinterpretation. In the one case illustrated in Fig. 6 there is some activity of beta frequency; unlike the alpha activity present in the same record this does not slacken in rate as the blood sugar fals, an observation which is difficult to reconcile with the theory that the cortical cell pJays the dominant role in frequency determination if these beta frequencies are to be considered as representing intrinsic cortical activity (Chatfield and Dempsey, 1942 (Quastel, 1939) that the inhibitory action of barbiturates on the oxidation by the brain of glucose, lactate, and pyruvate is by the inactivation of this dehydrogenase activity. On this basis it could be postulated that the initial change to fast frequencies could be due to increased intracellular acidity caused by accumulation of unoxidized acid metabolites (for it is known that lowering the pH of blood raises the frequency of the alpha rhythm). If this were the mechanism it would appear that a point is reached as the depth of anmesthesia progresses at which the initial effect due to the accumulation of acid metabolites is overwhelmed by the second effect due to The possibility that the loss of consciousness in pentothal anesthesia is due to the blocking of afferent impulses from the periphery rather than to a depression of the cortex needs also to be considered. It has been noted above that shining a light into the eyes of subjects under pentohal anmsthesia does not block any EEG rhythms although some are usually of the frequencies defined as alpha (8 to 13 cycles per second). Such a concept would introduce the picture of a cortex isolated by the anesthetic rather than depressed by it. A different mechanism has been advanced by Brooks and Eccles (1947) as an extrapolation of their theory of inhibition, namely that narcotics would, by depressing the excitation in the Golgi cells, augment the inhibition, and that lowered cortical activity due to deprivation of incoming sensory impulses would convert excitatory Golgi cells into inhibitors.
Clearly more data are needed. More cannot be said at the present stage of our knowledge. Human electro-encephalography alone cannot answer all the questions, but its role should not be minimized since it is a study of the brain in its natural environment. And it can give some answers: for example, the data from the experiments with mild hypoxia and hypoglycaemia demonstrate that at levels where there is no loss of consciousness the slow activity in the EEG is not a masking of persistent alpha by the eruption of slow activity. The data are evidence for a unitary effect, for a progression of frequency change in the same neurone population, although the anatomical identification of these units cannot be made from experiments of this nature.
In summary, the data reported here are consistent with a postulate that the alpha rhythm results from the repetitive action of cells in neurone chains, that the rate can be modified within certain limits by metabolic changes in the respiration of cortical cells, that it can be disrupted by any agent which inactivates a link in the chain, and that it is thrown out of synchrony by the arrival of action potentials originating as sensory impulses.
Summary
The results are reported of continuous automatic frequency analysis of electro-encephalograms recorded from human subjects throughout periods of: (1) mild hypoxia without loss of consciousness; (2) mild hypoglycxmia without loss of consciousness; (3) loss of consciousness induced by pentothal anxesthesia; (4) loss of consciousness occurring briefly in one case offainting.
The data are reviewed in the light of existing hypotheses as to physiological mechanisms, and evidence is presented to show that the: observed frequency changes caused by oxygen lack and low blood sugar level are changes in the same neuronal population rather than a replacement by activity from other cell units. The changes in pentothal antesthesia are more complex and are discussed in comparison with those found in loss ofconsciousness in the absence of the drug.
